n nurseries and orchards, foliar pesticide application is the most effective method to protect crops from pest infestations and prevent yield loss. However, existing spray systems and methodologies often result in overspraying. In contrast to field crops, a great diversity in canopy structure and density is found in orchard and nursery crops. It is a common practice that trees of different ages are interplanted in the same orchard or nursery. In addition, spacing of trees within rows is often variable. With conventional sprayers, much of the sprayed material is wasted (Zhu et al., 2006a) because applicators are unable to manually adjust sprayer settings to match the canopy size and shape of the target trees during spray application. Consequently, excessive use of pesticides increases the production cost and the potential for environmental contamination.
Spray applicators and the public are interested in more efficient pesticide application equipment and strategies to reduce pesticide usage. One way to improve pesticide application efficiency is to use sensor technologies to identify target trees and then apply the precise amount of material needed for adequate insect and disease control.
Ultrasonic sensors, because of their simplicity and low cost, have been retrofitted to conventional orchard sprayers to detect the occurrence of trees and measure their canopy characteristics. Use of ultrasonic transducers to detect foliage volume (Giles et al., 1987 (Giles et al., , 1988 (Giles et al., , 1989 resulted in development of a commercially adapted air-assisted orchard sprayer control system (i.e., SmartSpray, Durand-Wayland, LaGrange, Ga.). Conventional air-blast sprayers were also modified into variable-rate sprayers using ultrasonic sensors by other researchers (Solanelles et al., 2006; Gil et al., 2007) . Jeon et al. (2011) and Jeon and Zhu (2012) developed an experimental vertical boom spray system with 20 Hz ultrasonic sensors to spray liner trees in nursery production. However, the accuracy of ultrasonic sensors varies with detection distance, temperature, humidity, and ground speed. Laser scanning sensors, on the other hand, are more accurate and less influenced by the weather or other environmental conditions for detecting trees and measuring tree canopy characteristics Salyani, 2004, 2005; Pala- Mention of proprietary product or company is included for the reader's convenience and does not imply any endorsement or preferential treatment by USDA-ARS and The Ohio State University. The USDA is an equal opportunity provider and employer. cin et al., 2007, 2008 ; Lee and Ehsani, 2008; Rosell et al., 2009a Rosell et al., , 2009b . Thus, laser scanning technology, although more expensive than ultrasonic sensing, has great potential in the development of precision spraying systems for orchards and nurseries.
The primary objective of this research was to develop an experimental air-assisted variable-rate spraying system with integrated laser scanning technology to characterize the occurrence, height, width, and foliage density of a tree canopy and then control spray outputs to match the target tree structures. Specific objectives of this article were to investigate design criteria and major components for the new sprayer to achieve variable-rate functionality, and validate the sprayer performance by examining spray coverage uniformity inside different ornamental trees.
MATERIALS AND METHODS
The experimental variable-rate sprayer consisted of a sensor-controlled system to control nozzle flow rates and an air and liquid delivery system to discharge spray. The control system included a laser scanning sensor to detect trees, programs to process algorithms and provide control functions, and automatic control circuits to manipulate nozzles. The delivery system included nozzle assemblies to achieve variable flow-rate and air-assistance functions, a 400 L tank to store spray mixtures, a hydraulic pump to deliver spray mixtures to the nozzles, and an axial turbine fan to discharge air to the nozzles (Chen, 2010) .
DATA ACQUISITION UNIT
A high-speed laser scanning sensor (model LMS291, SICK, Inc., Waldkirch, Germany) was used to continuously scan target trees vertically by detecting tree canopy surfaces to characterize canopy structures. The sensor was able to continuously transmit and receive 361 signals in a 180° radial range at 0.5° angular resolution within a 0.026 s measurement cycle. It was connected to a portable computer with an Ethernet device server (DeviceMaster 500, Comtrol Co., New Brighton, Minn.). The data interface for the sensor was configured with a four-wire RS-422 connector.
A data acquisition program was developed with Lab-VIEW software (National Instruments Co., Austin, Texas) to control the laser sensor and to acquire the measurement data from the laser scanning sensor. The program had three major functions: initialize the laser sensor with a preferred scanning mode, start and stop the streaming of measurement data, and transmit data to the onboard portable computer. The data transfer from the sensor to computer was completed through a serial port buffer at 500 kbps. In this operation, the header of each data string was first identified, and then the expected length of the string was parsed. After that, a frame of 361 measurement points, including distances from points detected on the canopy surface to the sensor, was read for later calculation of the canopy volume and foliage density. The width of detected points on the canopy surface (or detection resolution) covered by a frame of the measured data varied with travel speed. For example, when the travel speed increased from 3.2 to 6.4 km h -1 , the width of detected points increased from 0.023 to 0.046 m because completion of a frame of the measurement data required 0.026 s. As the laser sensor passed by, the tree canopy surface facing toward the sprayer was detected to form multiple frames of measurement data. At the end of each frame, after the data string was received, a checksum was attached to ensure that a correct data transfer was made. Error handlers were created and were used throughout every step to monitor exceptional conditions, such as data transmission errors. If an unexpected condition occurred, the program took action to stop the streaming data and notify the operator.
DATA PROCESSING
The measured raw data in frames were first converted from polar to Cartesian coordinates and then transferred to fill two buffers in a ping-pong scheme. After one of the buffers was full, the data were transferred to temporary storage for processing while the other buffer continued to accumulate data simultaneously. Data processing operations included: (1) filtering unwanted data collected from the ground, sky, or objects beyond the targeted tree row by comparing them with preset thresholds; (2) estimating the centerline of the targeted tree row by identifying the top point of the canopy with a sliding window (assuming that the tree center was close to the top point of the tree; the program also had an option to input the tree row center manually when this assumption was not true); (3) dividing data in each buffer into 20 segments corresponding to the 20 nozzles on one side of the sprayer; and (4) organizing the data for each segment to calculate segment canopy volume and foliage density.
ALGORITHM DESIGN
The key element of the algorithm governing the variable-rate spray function was to process measurements of canopy structures from the laser scanning sensor. The laser beam reflected back after it impacted the tree canopy surface. The measurements from the laser sensor represented the distances from individual points on the canopy surface to the sensor center. These distances were used to characterize the canopy surface and were also used to determine the tree row center. The canopy depths were then calculated from horizontal differences between the points detected on the canopy surface and the tree row center.
In the algorithm, the detected tree canopy was equally divided into multiple rectangular sections in the vertical direction, with a 0.135 m height for each section, and each section was sprayed by one of the 20 nozzles on the sprayer. Each section corresponded to a segment of data in the buffer. The foliage density of each canopy section was estimated from canopy depths by calculating the ratio between actual volume in the section and the rectangular canopy section volume (Chen, 2010) . The foliage density was preset as 0 in the program and was replaced with a new value after the laser sensor detected canopies. When no canopy was detected, the foliage density would be 0, and thus the corresponding nozzle would be shut off. Details on the foliage density algorithm design were given by Chen (2010) .
FLOW RATE CONTROLLER
Pulse width modulated (PWM) solenoid valve assemblies (Capstan Ag, Inc., Topeka, Kans.) were used to manipulate the flow rates of the nozzles to achieve the variable-rate function. One valve assembly was connected to one nozzle to control the nozzle output with PWM duty cycles; thus, the variable-rate function for the sprayer was performed by the 20 nozzles independently.
The PWM duty cycle was the percent of pulse duration in a pulse period, and it ranged from 0% to 100%. The open time of the solenoid valve depended on the duty cycle, which directly affected the nozzle flow rate. The nozzle was closed when the duty cycle was 0% and fully open when the duty cycle was 100%. A logic program was developed with LabVIEW software to control a USB-based counter/timer module (model USB 4303, Measurement Computing Corp., Norton, Mass.) to generate separate PWM signals with independent duty cycles for different nozzles. To trigger the 12 VDC solenoid valves, a driver circuit was designed to open and close the solenoids with N-channel metal-oxide-semiconductor field-effect transistors (N-MOSFET, IRF6441, International Rectifier, El Segundo, Cal.). With this circuit, the solenoids were switched on or off according to the high or low level of the 5 VDC TTL (transistor-transistor logic) PWM signals generated by the counter/timer module. Zener diodes (SA20-C-A, Diodes, Inc., Plano, Texas) were also used in the driver circuit to limit the reverse kickback current from the solenoid coil.
SPRAY MODELS FOR OPTIMAL FLOW RATE CALCULATION
As shown in figure 1, for each segment of the tree canopy corresponding to one nozzle on the variable-rate sprayer, the volume of the canopy segment (V S , m 3 ) is:
and the effective volume of this tree canopy segment (V E , m 3 ) is:
where h = average height of canopy section covered by each nozzle (m; 0.135 m for the variable-rate sprayer) w = maximum width (depth) of the canopy section (m) u = tractor forward speed (m s -1 ) t = travel time for the laser to scan the canopy section, also the time for the sprayer to pass the canopy section (s) ρ = foliage density of the canopy section (ranging from 0 to 1). Thus, the spray volume (V N , mL) required for the corresponding nozzle is:
where ∇ is the spray rate or the amount of spray to treat a unit of tree canopy volume (L m -3 ). The recommended optimal spray rate ( ∇ ) for orchards was 0.1 or 0.13 L of spray mixture per 1.0 m 3 of tree canopy for pruned or unpruned trees, respectively (Jenkins and Hines, 2003) . In this study, ∇ was chosen to be 0.1 L m -3 . For one nozzle, the required flow rate (q, mL min -1 ) is:
On the other hand, the relationship between the flow rate and the duty cycle can be obtained from a calibration by measuring flow rates at known duty cycles:
where DC is the duty cycle of the flow rate control signal (%), and a and b are linear regression constants.
To match the effective volume of a tree canopy section, the required duty cycle of the control signal could then be determined from the combination of equations 4 and 5:
Therefore, the duty cycle of the control signal could be determined from the section height (h), tractor speed (u), section depth (w), and the density of the canopy segment (ρ).
SPRAYER DEVELOPMENT
The experimental variable-rate sprayer ( fig. 2 ) used a vineyard sprayer base (model ZENIT B11, Hardi International A/S, Taastrup, Denmark) to discharge air and liquid to the nozzles. An axial turbine fan of 0.81 m diameter was in the sprayer base to deliver air to a total of eight spouts on both sides of the sprayer. Other key components added to the sprayer base included new air-assisted five-port nozzle manifolds, the laser sensor, a controller, and a pressure regulating unit.
The sprayer consisted of four air-assisted five-port nozzle manifolds on each side, and each manifold consisted of five nozzles to discharge five spray streams ( fig. 2) . Each nozzle consisted of a nozzle tip modified from a Teejet XR 8002 flat-fan nozzle (Spraying Systems Co., Wheaton, Ill.) and was mounted at the center of each port. The modification was the reduction of the XR 8002 nozzle tip exterior diameter to fit a 0.635 cm diameter and 45° copper tube that was connected to the outer casting body of the nozzle manifold (Zhu et al., 2006b ). These nozzle manifolds were used because of their potential improvement in spray pene- Height tration and spray deposition uniformity. The operating pressure was 207 kPa, and the measured flow rate of each nozzle with 100% duty cycle at this pressure was 0.68 L min -1 . The laser scanning sensor was used only at one side of the sprayer and was mounted on the spray tank frame between the tractor cab and spray nozzles. Both the sensor and nozzles on the same side were pointed in the same direction. A 1.45 m distance between the laser sensor and the nozzles was chosen because it was convenient for the connection between the sensor and the spray tank frame. The delay time caused by this distance was compensated by adding a delay function in the controller program, ensuring the real-time discharge of the desired flow rate to the target. A speed sensor (RVSIII radar velocity sensor, DICKEYjohn Co., Auburn, Ill.) was mounted on the bottom of the tractor to measure the sprayer travel speed, and the speed information was acquired every half second.
A 0.41 × 0.36 × 0.21 m polyester enclosure with waterproof capability (PolyPro Type 4X, Hoffman Enclosures, Anoka, Minn.) was mounted beneath the water tank of the variable-rate sprayer. All electrical circuits, power converters, and cables were protected from water damage by mounting them inside this enclosure.
As a result of using PWM signals to control solenoid valves mounted close to each spray nozzle tip, the spray pressure near the nozzle tip fluctuated when the solenoid valves were switched on and off at a 10 Hz rate. The pressure fluctuation could cause unintended changes in flow output and droplet size. To reduce the pressure fluctuation and maintain the operating pressure at 207 kPa near the nozzle tip, a backpressure regulating valve (8460 diaphragm pressure-regulating valve, Spraying Systems Co., Wheaton, Ill.) was added to discharge extra fluid through the bypass to the spray tank automatically.
SPRAYING SYSTEM TESTS System Lag Time
Real-time control of nozzle flow rates to match tree canopy structures was one of the major design criteria of the variable-rate sprayer. Because it took time for the laser scanning sensor to scan the target, for the data buffer to accumulate frames of data for calculation, for the algorithm to calculate canopy width, density, and optimal flow rate for each nozzle, and for the hydraulic-mechanical components to respond to the control signal, there was a time delay between the target being detected and the liquid actually being sprayed. This delay time was used to determine the minimum distance between the laser scanning sensor and the nozzle outlets and to calculate the control delay needed for matching the required spray flow rate to the target structure.
To measure the system response time, a 6 m long track was built to carry the laser sensor at a constant speed of 3.2 km h -1 . A high-speed video camera (model SI-SV 642M, EPIX, Inc., Buffalo Grove, Ill.) was used to capture image sequences at a rate of 2,000 frames per second with a time stamp on each image. The time stamp enabled the determination of the time difference between any two images.
A laser pointer was mounted beside the camera to produce a dot on a specified location (calibrated beforehand) on the laser scanning sensor at the exact time the laser beam from the sensor aligned with the edge of the target tree. In this way, the detection of the target was realized by capturing images of the laser pointer dot at the specified location on the laser scanning sensor. After the two images were captured and recorded for the two times when the laser sensor detected the target and when the nozzle started spraying liquid, the system response time or lag time could be calculated by the difference between the two times. This lag time included the time required for software to accumulate measured data in the ping-pong buffer and to compute canopy characteristics, and for operation of the electronic, hydraulic, and mechanical components.
After the lag time was determined, a delay time was added to the algorithm to ensure that the nozzle output responses to the laser sensor detection synchronized in real time. Because the nozzles on the sprayer were arranged in a tower shape and were close to tree canopies, the droplet travel time from the nozzles to tree canopy could be ignored and was not included in the delay time. The delay time (T) needed from programming was calculated as follows:
where L is the distance from the center of the laser sensor to the nozzles (m), which was 1.45 m, and t s is the system response time (s), which was 0.119 s obtained from the calibration. In the program, the delay time was achieved by counting the time required to accumulate frames of measured data from the laser sensors. Because the laser sensor detection speed was very high, the delay time was usually much greater than the time required to collect a frame of measured data. It might take many frames to match the delay time. To reduce the program calculation load, the frames were equally grouped into a number of slices to match the delay time. If the number of slices was not an integer, the surplus of frames was added to the integer to match the delay time precisely. That is: 
( ) T m n t r t = ⋅ ⋅Δ + ⋅Δ
where m = cumulative number of slices with the time closest to the delay time n = number of frames in each slice Δt = time for the laser sensor to accumulate one frame of data (s), which was 0.026 s r = number of surplus frames after n. The values of r and m could be determined from equations 9 and 10:
Spray Nozzle Calibration
To determine values of the two linear regression constants (a and b) in equation 5, a flow sensor (model DFS-2, Digiflow Systems, Malden, The Netherlands) was used to calibrate the nozzle flow rates at known duty cycles ranging from 20% to 100%. The resolution for this flow rate sensor was 62,417 pulses per liter. The accuracy of the flow sensor was also verified with manual collection of water flow rate at various duty cycles. The calibration was conducted with each XR 8002 nozzle tip on the five-port manifold at 207 kPa operating pressure. Data from all nozzles were averaged to obtain the linear regression equation.
Sprayer Deposition Test
Four container-grown trees, Tsuga canadensis (trees 1 and 2) and Thuja occidentalis (trees 3 and 4) ( fig. 3) , were chosen to test the spray deposition uniformity inside different canopies. The height and maximum width of the trees were 2.3 m and 1.0 m for tree 1, 3.2 m and 1.7 m for tree 2, 2.7 m and 0.5 m for tree 3, and 2.6 m and 0.7 m for tree 4, respectively. From visual observation, the foliage densities of trees 1 and 2 were similar but lower than trees 3 and 4. Each tree canopy's volume and foliage density were estimated with the algorithm designed for analyzing data acquired with the laser scanning sensor. During the test to evaluate performance of the variable-rate sprayer, the trees were placed outdoors side by side from north to south, 2 m apart from tree center to center. A portable weather station was placed close to the test site to record meteorological data at 1 Hz frequency. Only weather data within the testing duration were used. The average wind velocity was 3.5 m s -1 from northwest, ambient temperature was 8.5°C, and relative humidity was 50%.
The variable-rate sprayer was operated to discharge water-only sprays at one side of the sprayer. Water-sensitive papers (WSP) (26 × 76 mm, Syngenta Crop Protection AG, Basel, Switzerland) were used to measure spray coverage (% area of the WSP covered by spray deposits) at different locations inside each tree canopy. The locations of the WSPs are shown in figures 4a and 4b. With this design, each tree canopy was divided into five sections in two horizontal directions (e.g., spray direction and sprayer travel direction). WSPs were distributed along the tree height with a height interval of 0. 27 m. In this way, spray deposition could be evaluated from three directions: spray direction (X), travel direction (Y), and vertical height direction (Z). Each spray treatment was repeated three times.
After each test run, sprayed WSPs were collected and stored in paper bags. A hand-held business card scanner (model ScanShell 800N, CSSN, Inc., Los Angeles, Cal.) was used to acquire images of spray deposits on each WSP with 600 dpi imaging resolution. The spray coverage and droplet density were estimated from the scanned images using the DepositScan program . Spray coverage data were first analyzed by one-way analysis of variance (ANOVA) using statistical software (ProStat version 5.5, Poly Software International, Inc., Pearl River, N.Y.) to test the null hypothesis that all treatments had equal means. If the null hypothesis was rejected, Duncan's multiple comparison test was used to determine differences among means. All differences were analyzed at the 0.05 level of significance.
RESULTS AND DISCUSSION

LAG TIME
Figures 5a and 5b show the images taken by the highspeed camera for measuring the lag time of the spray system at a sensor travel speed of 3.2 km h -1 . From the two images, a difference of 0.119 s (subtraction of 0.076 s from 0.196 s) was calculated to represent the lag time.
Since the frequency of the PWM-controlled solenoid valves was 10 Hz, it took at least 0.1 s for the valves to complete a cycle for taking a new flow rate. To ensure that the valves had sufficient time to respond to the program inquiry for flow rate changes, a refresh time was assigned as n⋅Δt = 0.26 s for the solenoid valves to have at least two cycles and for the program to refresh its data buffers. Substituting the parameter values into equations 9 and 10 yielded m = 5 and r = 7 when the travel speed was 3.2 km h -1 , and m = 2 and r = 7 when the travel speed was 6.4 km h -1 . For field tests with the tractor speed of 3.2 km h -1 , a delay time was generated with 5 slices and 7 frames of data so that the sprays could be discharged at the time when the nozzles were just in front of the targeted canopy. Because of the 0.26 s refresh time required for synchronizing the nozzle outputs and laser sensor detections, the width of each canopy section to be sprayed with a desired amount of liquid by its corresponding nozzle varied with travel speed.
The canopy section widths were 0.23 and 0.46 m at 3.2 and 6.4 km h -1 , respectively.
REQUIRED DUTY CYCLE
From the nozzle flow rate calibration, the regression constants a and b in equation 5 were 6.7 and 44.9, respectively. Figure 6 shows the linear relationship between the flow rates discharged from nozzles and the duty cycles of the PWM signal for the XR 8002 nozzle tips at 207 kPa pressure. The coefficient of determination (R 2 ) was 0.99. Thus, equation 6, which calculates the duty cycle from the required flow rate, becomes: 44.9 6.7
Equation 11 was used to determine the desired duty cycles to produce the spray outputs required by the measured sectional canopy volume and foliage density. 
SPRAY COVERAGE UNIFORMITY
The canopy volume and foliage density range for each of the four trees detected with the laser scanning sensor at 3.2 and 6.4 km h -1 travel speeds are shown in table 1. Either the canopy volume or foliage density range of each individual tree was very close at the two speeds, demonstrating that the algorithm for the control system was able to characterize tree canopy structures with little variation at different travel speeds. However, the spray volume discharged to each tree at 6.4 km h -1 was lower than that at 3.2 km h -1 . This was because the foliage densities in some sections of the individual trees were close to 1, and the flow rates calculated for these sections at 6.4 km h -1 were greater than the XR 8002 nozzle flow capacity at 100% duty cycle. Hence, the corresponding nozzles were not able to discharge enough spray to match the amounts required for these sections. This error could be solved in the future by replacing the XR 8002 nozzle tips with larger-capacity nozzle tips.
Figures 7a and 7b show the mean percentage of coverage on the WSPs mounted on different positions inside the four different tree canopies in the spray, travel, and vertical (X, Y, and Z) directions when the sprayer traveled at 3.2 and 6.4 km h -1 , respectively. Although the four trees had different canopy sizes and foliage densities, there were no significant differences in spray coverage in the X, Y, or Z direction among the four trees when the travel speed was 3.2 km h -1 ( fig. 7a ). When the travel speed was increased to 6.4 km h -1 , the overall spray coverage decreased slightly ( fig. 7b ) because the spray volume discharged to each tree at the higher speed was lower than the spray volume discharged at the lower speed (table 1) .
However, the standard deviation of spray coverage along each direction was similar for the two travel speeds. For example, the percent spray coverage inside tree 4 along the X, Y, or Z direction decreased from 28 ±15, 26 ±7, or 27 ±4 to 23 ±14, 22 ±7, or 23 ±4, respectively, when the travel speed increased from 3.2 to 6.4 km h -1 . At 6.4 km h -1 , there was no significant difference in coverage inside the canopies in the X direction among the four trees, while the coverage was significantly different between trees 1 and 2 in either the Y or Z directions but not significantly different among trees 1, 3, and 4 or among trees 2, 3, and 4 ( fig. 7b) . Therefore, the sprayer was able to provide relatively equal spray coverage inside the canopies at two different travel speeds even though the four trees had different heights, widths, canopy volumes, and foliage densities. Table 2 lists the coefficients of variation of spray coverage in the X, Y, and Z directions for the four trees at 3.2 and 6.4 km h -1 travel speeds. Across four trees with the two speeds, the coefficient of variation ranged from 52% to 79% in the X direction, from 27% to 53% in the Y direction, and from 11% to 33% in the Z direction. Variation in the Z direction was lower than that in the X or Y direction for all four trees at the two travel speeds. This observation is understandable because in the X direction the edge of the canopy affected the amount of spray discharged, and in the Y direction the dense canopy closer to the nozzles intercepted most of the spray. This result also demonstrates that spray nozzles at different heights performed the variable-rate function to match tree sectional canopy structure.
Among all the WSPs sprayed at 3.2 km h -1 travel speed, 67% had coverage greater than 15%. In addition to the coverage data, droplet density data were also calculated, which was especially meaningful for those samples having coverage values lower than 15%. It was found that 87% of the WSPs either had coverage greater than 15% or had droplet density greater than 70 deposits per cm 2 , and 94% of all WSPs either had coverage greater than 15% or had droplet density greater than 30 deposits per cm 2 . For the test conducted at 6.4 km h -1 , 55% of the WSPs had coverage greater than 15%, 72% of the WSPs had either coverage greater than 15% or droplet density greater than 70 deposits cm -2 , and 85% of the WSPs had either coverage greater than 15% or droplet density greater than 30 deposits cm -2 . Based on their field experience, chemical companies (Syngenta, 2004) recommend at least 20 to 30 droplets cm -2 for insecticide applications and 50 to 70 droplets cm -2 for fungicide applications to provide satisfactory results. Therefore, the sprayer was able to provide sufficient spray coverage for the dense trees tested.
CONCLUSIONS
An experimental air-assisted variable-rate sprayer was developed with the integration of high-speed laser scanning technology, a specially designed variable-rate controller, and a multiport nozzle spraying system. An algorithm was developed to calculate tree canopy volume and foliage density based on the laser scanning sensor measurement and to synchronize the flow rates of individual nozzles to match tree canopy height, width, foliage density, and occurrence.
The lag time of the entire spraying system, from the laser scanning sensor detecting a target to the nozzles discharging spray, was 0.119 s, which was sufficient for the control system to take action after the laser sensor detected the target.
The canopy volume and foliage density detected with the laser sensor did not vary with the travel speed in the range from 3.2 to 6.4 km h -1 . However, spray volume, spray coverage, and uniformity inside canopies decreased as the travel speed increased from 3.2 to 6.4 km h -1 because the required spray outputs exceeded the nozzle capacity at higher speed. This error could be corrected in the future by using larger-capacity nozzles.
In general, the outdoor tests demonstrated the sprayer's capabilities to achieve variable spray rates for different canopy volumes and foliage densities with acceptable variations in spray coverage inside tree canopies in the spray direction, travel direction, and vertical direction, especially at the lower speed.
Future reports on the sprayer development will include extensive validations of the tree volume and foliage density algorithms, and evaluations of the sprayer's performance for tree crops with different structures based on spray deposition uniformity, spray volume reduction, and off-target losses. Table 2 . Coefficients of variation (%) of spray coverage in the X, Y, and Z directions inside each of four trees at 3.2 and 6.4 km h -1 travel speeds. 1  52  41  11  67  50  24  2  71  38  16  79  45  13  3  57  48  33  79  53  32  4  54  27  15  61  32  17 
